Hard hydrogenated amorphous carbon thin films were heated in vacuum to different temperatures and held at these for at least 30 min. Afterwards, the cooled-down samples were analyzed by various techniques. Strict and reproducible correlations were found between all the determined parameters and the annealing temperature. Single-wavelength ellipsometry shows that the real part of the refractive index of the films at 633 nm wavelength decreases with temperature while the extinction coefficient increases. It also shows swelling of the films with a thickness increase of about 50 % for films heated to ≈ 1000 K. The associated decrease of mass density is proportional to the decrease in refractive index. Ion beam analysis shows that hydrogen is released from the films during heating with only about 5 % of the initial H remaining after annealing at 1300 K while no significant loss of carbon can be detected. The losses of hydrogen during heating are monitored by temperature programmed desorption and they are in good agreement with the ion-beam-analysis results. Raman spectroscopy delivers evidence of aromatization of the films under heat treatment. Indication of first structural changes is found already at 600 K while the quickest changes of the refractive index, thickness, and hydrogen content with temperature occur around 850 K.
I. INTRODUCTION
Carbon-based thin films are used for a wide range of applications such as wear-resistant and anti-corrosive protective coatings [1, 2] . Hydrogenated amorphous carbon thin films (hard a-C:H) are a subclass of such coatings [3] . The properties of a-C:H depend critically on the hydrogen content. Films with a high hydrogen content of typically up to H/(H + C) ∼ 0.5 are soft and polymer-like while a-C:H with a low hydrogen content of around H/(H + C) ∼ 0.3 are hard, wear resistant, and have a low coefficient of friction [4] . The applications of hard a-C:H are, however, restricted by its limited thermal stability. Above about 700 K the films lose hydrogen, become more graphitic, hardness decreases and wear increases [5, 6] .
On the other hand, heat treatment of a-C:H (and other amorphous carbon) films after deposition has also beneficial effects. For instance, annealing was found to reduce compressive stress in the films [5, 7, 8] limiting the maximum thickness above which the films delaminate from the substrate. Rapid thermal annealing of a-C:H coatings on silica optical fibers was shown to improve their protective qualities in harsh environments [9] . And heating by short laser pulses is a possibility for locally changing the electronic properties of a-C:H [10] and a-C [11] films.
In magnetic confinement nuclear fusion carbon was for a * Corresponding author email: christian.hopf@ipp.mpg.de, telephone: +49-89-32 99-26 17, fax: +49-89-32 99-96- 26 17 long time the preferred choice for the first-wall material due to its favorable radiative properties [12] . A disadvantage that leads to its replacement in the designs of new fusion devices is, however, the high erosion yield that would seriously limit the lifetime of plasma-facing components. Furthermore, the eroded carbon is redeposited along with hydrogen from the plasma in locations with no or little erosion, producing layers that can have a high hydrogen content like soft a-C:H [13, 14] or can structurally resemble hard a-C:H [15, 16] and can contain substantial amounts of other elements [17] . In an all-carbon machine operating with a D/T mixture this redeposition can be a dominant mechanism of the retention of radioactive tritium [18] . However, the amount of hydrogen isotopes stored in these layers strongly depends on the temperature they experience during plasma operation. At higher temperatures the layers are modified and lose hydrogen, leading to a decreased hydrogen isotope retention [13, 19] .
Several studies in the literature have investigated the thermal stability and the temperature-induced modifications of various types of a-C:H films. With temperature programmed desorption (TPD) (also referred to as thermal desorption spectroscopy (TDS) or thermal effusion spectroscopy (TES)) it was found that the temperature at which thermal decomposition starts as well as the released species strongly depend on the initial composition of the film [20] [21] [22] [23] [24] . The onset of decomposition of hard a-C:H with H/(H + C) ∼ 0.3 is at about 700 K while for soft a-C:H with a hydrogen content around 0.5 it starts already at 100 K lower temperature. Furthermore, while the hard films release hydrogen, minor amounts of methane and negligible amounts of higher hydrocarbons, the soft films release significant amounts of larger hydrocar-bon molecules up to C 4 H(D) x or C 5 H(D) y (x ≤ 10, y ≤ 12) [23] [24] [25] . Using a-C:H/a-C:D bi-layers it was demonstrated that the released hydrogen and methane molecules are formed in the bulk and diffuse to the surface as molecules [20] .
Besides these TPD studies the structural changes of a-C:H under heat treatment have been probed by various techniques. The basic observations can be summarized as follows: The optical gap E 04 was found to decrease for both hard and soft a-C:H [26] [27] [28] . Fourier transform infrared spectroscopy (FTIR) indicated a transformation of sp 3 carbon into sp 2 carbon and a loss of hydrogen for both hard and soft films [5, 27, 28] , in accord with an aromatization (sometimes also referred to as 'graphitization') observed in Raman spectroscopy by an increase of the D peak intensity and a shift of the G peak position to higher wave numbers [6] . The loss of hydrogen was also confirmed by ion beam analysis [6, 29] . The electrical resistivity was shown to decrease [30] . Other parameters studied were the film thickness that was found to either decrease [26] or increase [23, 28] and the refractive index at fixed wavelength [5, 28] that was reported to increase due to annealing in contradiction to our data presented in this paper.
The aim of the present study is to investigate the temperature-induced changes in a wide temperature range of up to 1300 K with a comprehensive set of analysis techniques using as far as possible initially identical a-C:H and a-C:D films. The optical properties are probed with singlewavelength ellipsometry at 633 nm. Changes of the thickness due to heating are quantified by ellipsometry and/or profilometry. Structural changes of the carbon network are monitored using Raman spectroscopy. The remaining hydrogen content is determined with ion beam analysis and the released hydrogen is monitored using temperature-programmed desorption. The results are discussed and compared to the data reported in the literature.
II. EXPERIMENTAL

A. Sample preparation and heating (sets A, B, C and D)
Several sets of hard a-C:H films were deposited on silicon wafers, heated in vacuo with a base pressure below 10 −4 Pa in different devices, and analyzed by various techniques after cooling down.
One set, denoted as set A, was primarily intended to measure temperature-dependent erosion rates (not reported in this paper) of the films when exposed to a flux of atomic hydrogen. The films of this set were deposited onto a silicon wafer on the driven electrode of a capacitively coupled 13.56 MHz rf discharge in a device named KesCaBo, described previously in [31] . Methane with a gas flow of 7.2 sccm was used as working gas and the discharge pressure was 2 Pa. The rf power was set such that a self bias of −300 V was achieved. Under these conditions the resulting films were hard a-C:H with a refractive index of n − ik = 2.15 − i0.10 at 633 nm. It is known from earlier [32, 33] as well as recent quantitative analysis that films deposited with the quoted deposition parameters have a hydrogen concentration of H/(H + C) ≈ 0.3 and a carbon density of ≈ 8.5 × 10 22 cm −3 . Furthermore, it is known that their refractive index is well correlated with the films' properties and can hence serve as a simple characteristic number [32] . The thickness of the films after deposition was approximately 200 nm. The coated wafer was then cut into pieces of approximately 1 × 1 cm 2 . For the erosion experiments these small a-C:H coated Si samples were fixed on an electrically heated substrate holder by thin metal strips which shielded parts of the film from exposure to hydrogen, thus preventing erosion in these places. The films were heated to the desired temperature of up to ≈ 1000 K and held at that temperature for at least 30 min to be sure that the sample was in thermal equilibrium. The samples were then exposed to atomic hydrogen at that temperature for as long as was required to achieve substantial, but not complete, erosion of the films during H exposure. Afterwards, the films were cooled down and later scanned across the erosion crater with a single-wavelength ex-situ ellipsometer working at 633 nm to derive the optical properties and the film thickness profile.
Another set of samples, set B, was specifically intended for a study of temperature-induced changes of a-C:H films. In this case, the films were directly deposited to a thickness of approximately 200 nm in the device PlaQ (for details of the setup see [34] ) that also provides a heatable substrate holder and an in situ ellipsometer. Thus, the experimental steps deposition, heat treatment, and the subsequent erosion-necessary to determine the optical properties and thickness after the heat treatment by ellipsometry-could all be performed one after the other without breaking the vacuum and without moving the sample. The films were deposited in a methane ECR plasma at 0.5 Pa with an additional rf bias of −300 V applied to the substrate. The properties of the films thus obtained are very similar to those of set A as indicated by their similar refractive index of n − ik = 2.09 − i0.07, measured during the deposition run. The films were then heated to and held at the desired temperature for about one hour. During heating the sample was continuously monitored with ellipsometry. An initial quick shift of the ellipsometric angles was observed (see Fig. 1 ) that slowed down and almost came to a halt before the end of the heating period at all temperatures. At the end of the heating phase the heater was switched off with no active cooling. For the highest heating temperature the sample cooled to below 600 K in less than 10 min. After cooling down to T < 330 K the samples were exposed to an oxygen plasma which erodes the films from the top without modification of their optical properties [35] . Ellipsometry data obtained during this erosion run provide the refractive index and the thickness of the films after heating. The maximum heating temperature of set B was ≈ 870 K.
A further set of samples, set C, was deposited in the same device and at identical parameters as set A. The thickness of the films was also similar with ≈ 220 nm. The whole coated wafer was again cut into several smaller pieces. Groups of these pieces at a time were then transferred in air to a UHV temperature programmed desorption setup (TESS [25] ) where they were heated in vacuo inside a glass tube in a tube furnace. At the start of the heat treatment the preheated furnace was moved from its remote parking position to the heating po- sition, where the samples in the quartz tube are in the middle of the furnace's tube. Thermal equilibrium is reached in about 5 min. The sample was then held at the desired target temperature for about another 30 min and subsequently cooled down by moving the furnace back to its parking position at a sufficient distance to the quartz tube. Compared to set A this setup had the advantages that higher heating temperatures of up to 1300 K could be achieved and that the simultaneous heating of several samples was both ensuring identical treatment and time-saving. Samples of set C were actually heat-treated and analyzed in two campaigns, henceforth called first and second batch.
Finally, set D was produced following the same deposition and heating procedure as set C, except that their initial thickness was ≈ 285 nm and that deuterated methane was used as source gas. Consequently, the films of set D are deuterated amorphous carbon, a-C:D. The refractive index after heat treatment was determined with ellipsometry and the initial and final thickness was determined by profilometry. In order to produce a step on the samples for profilometry, thin lines were drawn with a permanent marker pen on the silicon wafer's surface. The film does not adhere to these marker lines and the film and marker together can be removed with alcohol after deposition. The heating temperatures of set D ranged between 650 and 925 K.
In all cases the substrate holders were not actively cooled during deposition and the films and their substrates heated up during the deposition runs due to the heat flux carried by the impinging ions. Measurements of the sample holder temperature during the deposition as well as an estimation of the sample's heat balance indicate that the sample temperature reaches typically ≈ 350 K and is in any case less than 400 K. The as-deposited samples are therefore shown at 350 K in Fig. 3 with a ±50 K error bar.
Special care was taken to ensure correct temperature measurement of the sample surface during heating. The temperature measurement during the heating of set C may be considered the most accurate. The sample was placed in a quartz tube inside a tube furnace, ensuring a relatively homogeneous temperature distribution. The temperature during heating was measured with a thermocouple placed in the oven but outside the quartz tube, delivering a reading T furnace . Prior to the experiments this thermocouple was compared to another thermocouple glued to a dummy sample and placed in the real sample's stead inside the quartz tube. The temperature reading of this thermocouple is considered the true sample temperature, T sample . Thus, the correlation T sample (T furnace ) served to derive the true sample temperature from the reading of the thermocouple in the furnace.
In the case of set B a thermocouple was placed behind the substrate holder and electrically insulated from the holder. As this thermocouple is closer to the heater it has to be assumed that the sample surface will be cooler. In order to correct this temperature reading another thermocouple was glued to the sample surface. It was assumed that this glued thermocouple measures the surface temperature accurately and a calibration relation between the readings of both thermocouples was established. It is worth noting that in the cooling-down phase after switching off the heater the readings of the glued and the rear thermocouples are in good agreement. For set A the temperature was measured by a thermocouple fixed by a screw on the sample holder next to the coated Si sample.
B. Characterization techniques
The heat treated and some non-heat-treated reference samples were analyzed using various techniques. The complex refractive index of all samples was determined by single wavelength ellipsometry at 633 nm using a He-Ne laser.
A single ellipsometry measurement only yields two quantities, commonly expressed as the ellipsometric angles Ψ and ∆. However, a measurement of a film with homogeneous optical properties at different thicknesses-two as a bare minimum, but in practice more are required-allows to simultaneously determine thickness d and the real (n) and imaginary (k) parts of the refractive index. Such a measurement is either realized by a spatial scan in a region of varying thickness, such as an erosion crater, or by in situ measurement during deposition or erosion of the film. Fitting the resulting data in the Ψ-∆ plane by a theoretical curve yields the desired quantities, n and k of the film and a thickness d for each single data point. The method of scanning through an erosion crater was applied to set A to determine the final values of n, k, and d after heat treatment. The final values of sets B, C, and D were determined during erosion in an oxygen plasma. The initial values were either determined by ellipsometry during erosion of a non-heated reference sample (sets A, C and D) or during Apart from determining the residual hydrogen in the film the hydrogen release during heating was also quantified by temperature programmed desorption (TPD) in the quartz tube of the TESS device using samples of set C and heating them to a maximum temperature of 1320 K. A very low heating rate of 1 K/min was applied in order to be as close to the equilibrium H concentration at every temperature as possible. The TPD spectrum is shown in Fig. 2 . Mostly molecular hydrogen and methane are released from the sample. The contributions of higher hydrocarbons, represented here by m/q = 27 and 39, are negligible. Knowing the initial and final concentrations of hydrogen, c 0 and c f , the residual hydrogen in the intermediate region at a given time t, corresponding to a temperature T (t), can be calculated by (2) is the sensitivity ratio. The latter quantity's value σ = 1.39 was determined in calibration measurements with known fluxes of H 2 and CH 4 admitted into the vacuum chamber through a nozzle. Again, c 0 = 0.3 was assumed for the asdeposited sample. The final H concentration was taken as that derived by IBA for the sample annealed to 1300 K. The little peak in the H 2 signal above 1200 K in Fig. 2 is an artifact due to increasing diffusion of hydrogen through the quartz tube. It appears also without a-C:H sample in the tube. As its contribution to the integral hydrogen signal is small it was not corrected for. Finally, Raman spectra were recorded with a laser wavelength of 514.5 nm, 1 cm −1 resolution and a spot size of ∼ 1µm 2 in order to characterize structural changes of samples of set C. The probed depth was between a few tens and a few hundreds of nm. Details of the Raman analysis can be found in [36] . Table I gives an overview of the four sets of samples and the analyses applied to them. Figure 3 shows all measured parameters of all heat treated and as-deposited samples of sets A to D as a function of annealing temperature. With the exception of the Raman G peak position, all shown quantities begin to show significant changes from around 700 K and exhibit their most rapid change with temperature around 800 to 900 K. The good agreement in the overlap region of the first and second batch of set C shows good reproducibility and the remaining differences can be regarded as an estimation of the experimental uncertainty. Figure 3a shows the relative change of the thickness, d/d 0 . The thickness of the films starts increasing above about 600 K. The maximum change with temperature, d(d/d 0 )/dT , for the data of set C occurs around 850 K. The maximum observed relative increase of the thickness in sample set C was by a factor of 1.47 at 1025 K, and for the sample of set A heated to 1000 K even an increase by a factor of 1.6 was determined. The a-C:D samples of set D show a significantly lower swelling of only up to 1.16 . Figure 3b shows the optical constants of the films. All sample sets show qualitatively the same behaviour; the real part of the refractive index, n, starts decreasing with temperature above approximately 700 K while the imaginary part, k, starts increasing around the same temperature. The derivatives −dn/dT and dk/dT are largest around 850 K, the same temperature where d(d/d 0 )/dT has its maximum for set C. Above that temperature both n and k appear to be approaching saturation. No values of n and k could be determined of the 1300 K sample. The raw ellipsometry data could not be fitted with a model assuming a homogeneous bulk of the film, i. e. a single, non-depth-dependent refractive index. A possible explanation could be the formation of silicon carbide around the original Si/C interface [37] . For the same reason the swelling of the 1300 K sample of set C could also not be quantified. Figure 3c shows the H/(H+C) ratio of set C as determined by IBA together with the residual hydrogen content calculated from the slow-ramp TPD experiment on a sample of set C. The hydrogen concentration starts decreasing above 700 K and the most rapid change occurs again around 850 K. At 1300 K only about 2.3 % hydrogen is left in the sample. Within the errors no loss of carbon could be detected by IBA (not shown in Fig. 3c ). Furthermore, from the mass 16 signal of the TPD experiment we calculate that the absolute loss of carbon is 1/37 of the loss of hydrogen, or approximately 1 % of the initial carbon. The agreement between H/(H + C) from IBA and TPD is excellent. Due to the very slow TPD temperature ramp no temperature shift between IBA and TPD data is observed. Figure 3d shows the peak height ratio I D /I G of the Raman D and G peaks and the G peak position. The corresponding raw spectra can be found in [36] . We find that both I D /I G and the G peak position increase with annealing temperature. These trends are a clear indication of an increase of aromatic domain size [38, 39] . The detailed temperature evolution of the Raman parameters reveals that the G peak position already shifts in a temperature range in which none of the other measured quantities changes and it saturates already at around 800 K. The peak height ratio appears to be generally well correlated with the H/(H+C) ratio, yet setting in at slightly lower temperatures than hydrogen loss. These differences indicate that structural reorganization and hydrogen loss are at least partially independent processes with different activation energies.
III. RESULTS
IV. DISCUSSION
A remarkable result of our study is the huge thickness increase exceeding a factor of 1.4 at annealing temperatures around 1000 K. It might be very tempting to explain this swelling in terms of stress release: Films deposited with energetic ion bombardment, as is the case for our films, are known [40] , graphite [41] , glassy carbon [42] , plasma-deposited a-C:H (a-C:H (S-S) [32] ), plasma deposited ta-C:H (ta-C:H (P) [43] and ta-C:H (S) [44] ), and ta-C produced by pulsed laser deposition (ta-C (M) [45] ) and by pulsed filtered vacuum arc deposition (ta-C (Z) [45] ). The black solid line is a linear fit to the a-C:H data, the red dashed lines connect the origin (ρ = 0, n = 1) with graphite and diamond. The as-deposited and annealed samples of set C are also shown.
to have compressive stress [46, 47] . The presence of compressive stress in our films is also confirmed by the observation of convex bending of the silicon wafer substrate. Annealing is known to lead to a reduction of this stress [5, 7, 8, 48, 49] . One might hence argue that at sufficiently high temperatures at which structural reorganization can occur this stress drives an expansion of the film. Without delamination from the substrate, this expansion could only happen in the direction normal to the surface. As our hard a-C:H films lose only minor amounts of carbon during annealing, as was quantitatively confirmed by IBA and TPD, this expansion shows up as a net increase in thickness. However, if we compare the volume change to the ratio of stress and bulk modulus it becomes evident, that stress release cannot account for a swelling of the films anywhere near the one observed. For slightly thicker films deposited in the same device as set B at a bias voltage of −280 V under otherwise very similar deposition conditions a stress value of 1.2 GPa was determined from substrate bending (unpublished). A very similar value of 1.34 GPa was reported by Grill et al. [5] for hard a-C:H deposited from C 2 H 2 .
For the bulk modulus of hard a-C:H deposited from C 2 H 2 at −300 V substrate bias Jiang et al. [50] determined a value of ∼ 135 GPa. Hence, a volume increase of only about 1 % should be enough to release the stress. Film swelling and stress release therefore appear to be two not necessarily interrelated consequences of thermally induced structural changes. Light absorption is almost entirely due to the sp 2 carbon [4, 51] . Hence, k increases as the sp 2 fraction and cluster size increase. An explanation of the variation of the real part of the refractive index, n, is less straightforward. Figure 4 shows n versus mass density for a variety of carbon materials as reported in the literature. There is a huge variation of n at constant ρ. The boundaries of the populated region in the ρ-n plane appear to be given by the dashed lines that connect the data for graphite and diamond with the point (ρ = 0, n = 1). For materials of a similar structure, e. g. a-C:H, (n − 1) appears to be directly proportional to ρ. The linear least squares fit to the a-C:H data of Ref. [32] , n = 0.959 + 0.628 · ρ [g/cm 3 ], shown as solid black line in Fig. 4 , indeed approximates the data well and passes very close to the refractive index of vacuum at zero density. Therefore we speculate that the decrease of n with annealing temperature is primarily a consequence of the density decrease as the films expand. This is supported by the data corresponding to those samples of set C, for which ellipsometry could be evaluated. They are also shown in Fig. 4 . For both batches of these samples the original density ρ 0 was calculated from the initial refractive index n 0 using the fit to the a-C:H data. The density of an annealed sample, ρ, was then calculated from the original density ρ 0 and the thickness change d/d 0 by ρ = ρ 0 (d 0 /d). The evolution of (ρ, n) of set C closely follows the black solid line.
While there is very little scatter in all the data of set C in Fig. 3 , there are significant differences between the different sets of samples in Fig. 3a and b. One possible reason is the accuracy of the temperature measurement. As explained in the introduction, the temperature calibration of set C is considered the most reliable while those of sets A and B might suffer from the largest systematic errors. The deviations between sets B and C might be ascribed to an increasing difference between thermocouple and sample surface temperature with increasing temperature. The samples of set A have a slightly higher initial refractive index than the samples of sets B and C (n(A) = 2.14 versus n(C) = 2.09). This is probably also the reason why their refractive index stays higher for all annealing temperatures. However, the relative variation of n and k for set A is in very good agreement with set C. For the samples of set D it has to be considered that they are a-C:D, not a-C:H like all the other sample sets. Although ion beam analysis reveals similar H/(H + C) and D/(D + C) ratios of films deposited from CH 4 and CD 4 with the same self-bias, absolute densities of carbon and hydrogen in the films turn out to be lower for the deuterated films [52] . This observation was tested independently by growing 300 nm thick a-C:H and a-C:D films under identical conditions (−300 V self-bias, 2.0 Pa neutral pressure, identical pumping speed) and measuring the mass increase due to the deposition ex situ by a microbalance. The thickness was determined locally and in situ with interferometry as well as laterally resolved with an ex situ tactile profilometer. While the a-C:H film had a density of 1.8 g/cm 3 the a-C:D film had only 1.7 g/cm 3 . These obviously different film properties may be the cause of the lower swelling. The thickness increase reported by Maruyama et al. [23] for hard a-C:D of less than 15 % up to 900 K annealing temperature agrees well with our results of set D.
Comparing our data to results reported in the literature we find the loss of hydrogen and the conversion of sp 3 into sp 2 carbon univocally confirmed (see the introduction). For films with an initial H content very similar to that of our films, Wu et al. [6] show a temperature-dependent dehydrogenation during rapid thermal annealing that agrees excellently with our results. The evolution of their Raman spectra also agrees very well with ours up to 1173 K (900 • C). The only qualitative difference is that their their I D /I G ratio decreases again between 1173 and 1273 K (900 and 1000 • C) and the G peak redshifts slightly from 1600 to 1585 cm −1 , indicating an increase of the graphitic crystallite size [7] , while our films show no such development between 1000 and 1300 K.
Regarding the thickness evolution we find contradictory results in the literature. While Ritikos et al. [28] find an increase of the thickness during annealing like we do, Zhang et al. [53] find a decrease. The reason for this apparent contradiction could be the different nature of the a-C:H films in these studies. While our films are hard ("diamondlike") and those of Ritikos et al. seem to belong to this class of films too, the films of Zhang et al. are soft ("polymerlike") [54] . Soft films emit significant amounts of hydrocarbon molecules during annealing leading to a marked decrease of carbon and hence a decrease of the thickness. On the contrary, hard films emit mostly molecular hydrogen and only minor amounts of methane. In their case the thickness increase due to structural reorganization outweighs the negligible loss of carbon.
A still unresolved difference is the behaviour of the refractive index in the visible/near infrared range. While we find a decrease of n at 633 nm with temperature, Grill et al. [5] report an increase at the same wavelength and Ritikos et al. [28] report an increase of n at much longer wavelength, probably at 2500 nm. The films of Grill et al. were deposited from C 2 H 2 at −80 V bias and they have n ∼ 1.9. These films should be similar to, yet slightly more polymerlike than our films [32] . Unfortunately Grill et al. give no details of the procedure by which they obtained n after annealing by ellipsometry.
V. SUMMARY AND CONCLUSIONS
Hard hydrogenated amorphous carbon films (a-C:H and a-C:D) were annealed at different temperatures and analyzed by various techniques after cooling down. The first observable change with temperature is the shift of the Raman G peak position to higher wave numbers. This shift indicates a structural modification that in this temperature range is not accompanied by loss of hydrogen. Above 600 to 700 K the other observed quantities do also change. Above 600 K an increase of the Raman I D /I G ratio indicates aromatization of the films. Starting from about 700 K the ellipsometrically determined refractive index at 633 nm decreases while the extinction coefficient increases simultaneously. Ellipsometry also revealed that these changes are accompanied by an increase of the film thickness by up to ∼ 50 % at an annealing temperature of 1000 K. The loss of hydrogen from the samples was quantified both by measuring the residual hydrogen with ion beam analysis and by monitoring the desorbing hydrogen by slow-ramp (1 K/min) temperature programmed desorption. The temperature dependence derived with both techniques is in excellent agreement. The hydrogen loss occurs in the same temperature range as the change of the other parameters and after annealing at 1300 K H/(H + C) is only about 2.3 %. The most rapid change of all measured parameters except the G peak position with temperature occurs around 850 K.
The huge thickness increase is probably a consequence of the structural reorganization evidenced by Raman spectroscopy. Although annealing is known to reduce residual compressive stress present in this type of films, the magnitude of volume increase rules out stress release as the driving force. The observed decrease of the refractive index seems to be a direct consequence of the swelling as the refractive index was found to be directly proportional to mass density.
